Introduction
and initiate at downstream AUGs. When the first AUG is followed shortly by an in-frame terminator codon, post-termination ribosomes apparently resume scanning and can re-initiate at downstream sites [13, 18] . Multiple proteins can be synthesized from one mRNA, not only by alternative splicing but also by the choice of a translation initiation codon. This choice, and the efficiency of translation, is controlled by mRNA-specific elements such as the GC content and the size of the 5Ј-UTR, and the location of potentially active uAUGs [19] . The [20] . A uAUG that precedes a terminator codon by only a short distance, thereby creating a small uORF, should reduce (but not abolish) translation of the major ORF, because eukaryotic ribosomes can hold on to the mRNA at a terminator codon, resume scanning and re-initiate downstream [21] .
special case in which a uAUG starts a reading frame that is fused in-frame with the principal ORF (and therefore is translated to produce a polypeptide extended at its amino-terminus) is not a distinct upstream open reading frame (uORF), but differential start-codon selection in such cases could involve mechanisms similar to those that contribute to the use of other uAUGs

The OPRM1 gene has a high GC content and contains four uAUGs between the transcription initiation sites and the physiological translation initiation codon, suggesting that the uAUGs have the potential to regulate translation. In this study, the effects of uAUGs and uORFs on the translation of major OPRM1 mRNA were analyzed by transient transfection assays, in vitro translation and toeprinting. Here, we report that the OPRM1 5Ј-UTR exerts negative effects on the expression of the downstream MOR gene. We also found that the third uAUG efficiently regulates OPRM1 gene expression, but that all four uAUGs regulated downstream MOR gene expression synergistically. This study suggests that re-initiation in the 5Ј-UTR at the physiological MOR AUG site could be responsible for the low level of expression of OPRM1 under normal conditions.
Materials and methods
Plasmid construction
All site-directed mutagenic PCR reactions were performed as described previously [22] 
Radioligand-binding assay
Binding assays were performed as described previously [9] .
Briefly, after transient transfection with the indicated constructs, MOR gene expression was determined by a whole-cell-binding assay using [ 3 H]diprenorphine in 25 mM HEPES buffer, 5 mM MgCl2 (pH 7.6). Specific binding was defined as the difference between the radioactivities bound to the cells in the presence and absence of 100 M of the mu-opioid antagonist, CTOP.
Primer extension inhibition (toeprinting) assay
The toeprinting assay was performed as described previously [22] . 
Results
The 5Ј-UTR of OPRM1 contains four uORFs preceding the MOR initiation codon
The OPRM1 consists mainly of four exons (Fig. 1A) . Several transcription initiation sites have been identified: One major site corresponds to the cDNA start positioned 216 bp upstream from the translation start codon [24] , and at least three minor ones (285, 358 and 373 bp, respectively) occur upstream from the ATG start codon [25] . (Fig. 1C) .
The 291-bp fragment of the OPRM1 5Ј-UTR was chosen to clone into reporter constructs for the current study (Fig. 1B). The OPRM1 5Ј-region contains four uAUGs (uAUG #1, #2, #3 and #4). Two of these (#2 and #4) were out-of-frame and three (#1, #2
The third uAUG has an inhibitory effect on initiation at the main AUG
To determine whether these uORFs affect the expression of the downstream main MOR ORF, we constructed a series of plasmids ( Fig. 2A) 
Repression of OPRM1 translation through the uORF in the MOR 5Ј-UTR
We examined the initiation of peptide synthesis at the #3 uAUG by in vitro translation. Several constructs under the control of the SP6 promoter were generated (Fig. 3A) (Fig. 3B, lower panel) . Similar results were obtained in in vitro translation experiments in NMB cells transfected with the same constructs using a SV40 promoter-controlled vector (Fig. 3C) . 
Overlapping uORFs preclude downstream initiations
As shown earlier, constructs mutated at all four uAUGs [huAUG(Ϫ)] showed only a minor increase in translation levels relative to constructs mutated at the third uAUG alone. Nevertheless, both in vitro translation (Fig. 3B ) and transient transfection (Fig. 3C) were altered by the huAUG(Ϫ) construct. Therefore, we considered that the other uAUGs might have a synergistic effect on the effect of the #3 uAUG mutation with regard to downstream regulation. Double mutations including #3 uAUG (Fig. 4A) increased expression by the main ORF (Fig. 4B) . Interestingly, the construct with in-frame mutations of both the #1 and #3 uAUGs (huAUG #1, 3) increased downstream expression nearly 3.5-fold (Fig. 4B) . These effects did not result from differences in transcription levels (Fig. 4B, lower panel) .
The strongest inhibition is caused by a uORF that overlaps the start of the downstream cistron [15, [26] [27] [28] . Indeed, the size of the first ORF is a major limitation on re-initiation in eukaryotes: re-initiation can occur following the translation of a 'minicistron' (a small first ORF) but not following the translation of a full-length 5Ј cistron [15] . [29, 30] .
Other studies have suggested that a uORF that extensively overlaps the downstream cistron is even more inhibitory than one that terminates very close to the beginning of the next coding sequence, presumably because re-initiation is very inefficient when ribosomes are forced to scan 'backwards' over large distances or additional AUG codons
To test this effect, we made constructs containing strong sequences at the #1 and #2 uAUGs (Fig. 4C) and examined downstream ORF initiation by in vitro translation (Fig. 4D) . The #1 uORF overlaps the #2 uAUG and the #2 uORF overlaps the #3 uAUG site (Fig. 1C) [15] . Also, improving (Fig. 4D, lane 6) but only at the level of translation. In addition, the strong #1 uAUG construct only affected initiation at the overlapped #2 uAUG site. Therefore, initiation at the #3 uAUG continuously represses the downstream initiation (Fig. 4D, lane 5) , relative to the huAUG(ϩ) control. (Fig. 4B) (Fig. 6A and B) , illustrating the 'first AUG rule'. In higher eukaryotes, this rule holds strictly only when the 5Ј proximal AUG codon resides in a favourable context [34, 35] . In all cases in which one or more OPRM1 uORFs were present, the initiation codon closest to the mRNA 5Ј-end showed the greatest extent of ribosome loaded during steady-state translation. Re-initiation allows ribosomes to reach and initiate at downstream AUG codons. Many studies have shown that when the first AUG codon is followed shortly by an inframe terminator codon, post-termination ribosomes apparently resume scanning and can re-initiate at a downstream site [16] .
. However, improving the context at the upstream site reduces or abolishes initiation from the second site. Whether the second AUG codon resides in a strong or weak context is irrelevant: the ribosomes read the mRNA linearly, and thus the decision to stop or to bypass the first AUG is not influenced by the presence of a better initiation site downstream
Fig. 2 Translation of the OPRM1 gene is controlled by uORFs. (A) Schematic representation of reporter constructs with wild-type and mutant human 5Ј-UTRs. Vertical dotted lines represent ATGs converted to ACGs by point mutations. (B) Transient transfection of each mutant construct in NMB cells. After transfection, cells were trypsinized and half were used for luciferase and ␤-galactosidase activity assays, whereas the other half was examined by RNA extraction and transcript quantification. Relative LUC activity and mRNA levels were determined as the ratio LUC/␤-gal and LUC/LacZ. Error bars indicate the standard errors of triplicate LUC assays. the context at the #2 uAUG relative to huAUG(ϩ) reduced downstream #3 initiation, and consequently increased initiation at the main ORF
Because human uORFs apparently can repress downstream MOR gene expression, we performed opioid radioligand-binding assays (Fig. 5A). NMB cells transfected with hMUEF #3 showed binding activity up to 2 times higher than that observed in cells transfected with the control vector [hMUEF(ϩ)], and hMUEF(Ϫ)-transfected cells showed binding activity up to 3.5 times higher than controls. This is even greater than the two-fold increase in luciferase activity seen in uAUG(Ϫ)-luciferase constructs
To test the OPRM1 translational mechanism, we compared toeprints with cycloheximide added to extracts before adding RNA template (T0) or added after translation was underway (T5) (Fig. 6A) . During re-initiation, scanning ribosomes load at the uORF start codon and initiate translation at each uAUG; they then re-initiate translation downstream. Adding cycloheximide at T0 traps ribosomes at the positions where they first load on the mRNA. Adding it during steady-state translation (T5) traps ribosomes where they are loaded following the primary initiation event and subsequent re-initiation events.
When cycloheximide was added at T0, toeprints corresponding predominantly to the start codon nearest the 5Ј-end of the mRNA were observed (Fig. 6A, lane 1) . However, the other uAUG toeprints also showed 16 nucleotides after the uAUG site. When no uORFs were present, substantial loading of ribosomes occurred at the main AUG start codon (Fig. 6A, lanes 2 and 4) . When cycloheximide was added at T5, toeprints should have revealed both the uAUGs and the main AUG. However, toeprints from these samples showed only the uAUGs (Fig. 6A, lane 3 [16] . Minor bands were also seen; these minor products might represent either authentic truncated mRNAs or false priming [31] . Figure 6B shows [36] .
To date, mu opioid receptor genes have been cloned and revealed the dendrogram (Fig. 7A] [37] . The alignment of the 5Ј-UTR sequences from human, monkey, guinea pig, pig, cow, rat and mouse mu opioid receptor transcripts reveals a low degree of similarity (Fig. 7B) Fig. 7 legends) . In addition, the alignment of the amino acid sequences for the uORFs in these species also showed a low degree of similarity (Fig. 7C) Fig. 1 and  Supplemental Fig. 1 ). An overlapping uORF down-modulates translation in murine IL-12 [26] , and the overlapping uORF in the mRNAs of human GlyRS affects protein expression qualitatively [38] (Fig. 4C and D) . The natural mRNA is slightly leaky because the context flanking the #1 uAUG is not a perfect match to the Kozak sequence. In rat A2AR adenosine receptor mRNA, an overlapping uORF that initiates at an AUG codon in a strong context minimizes production of A2AR protein [15] . In OPRM1, an overlapping uORF containing a strong context can more effectively regulate downstream ORF (Fig. 4C and D (Fig. 5) .
The toeprinting analysis showed that ribosomes initiate on multiple uAUGs (except for the #4 uAUG, which contains a [37] [39] . First, uORFs can limit expression of potent proteins, which are required in small amounts but would be harmful if over-expressed [17] . Second, the site where translation re-initiates is dependent on the availability of eIF-GTP. This can be manipulated by kinases, which respond to growth conditions and other circumstances [40] . Third, the peptide produced by translation of a small uORF has regulatory effects [41] . In the case of MOR, uAUG/uORFs could regulate spatial and temporal expression. Future studies will determine what factors affect the re-initiation process in the OPRM1.
For downstream re-initiation to occur, the 40S sub-unit must reacquire Met-tRNAi, and this appears to be an important point of control [15] . Re-acquisition of Met-tRNAi is prompted by lengthening the intercistronic domain [21] . As a rough guide, re-initiation often follows translation of a uORF of [10] [11] [12] codons; re-initiation is reduced, but not abolished, when a uORF of 13 codons was lengthened to 33 codons [16] . Although the size of the uORF might have varying effects, in general, longer intercistronic distances tend to allow more efficient re-initiation [20] .
In 
